Jun. 1, 1999 This invention relates to optically-based ultrasonic Sensors, including optical communicators and displacement/ Velocity remote Sensing methods, which are based on time delay interferometry.
2. Description of the Related Art UltraSonic acoustic waves are commonly used to probe a variety of materials, especially for thickneSS gauging and flaw detection. The conventional approach is to generate the waves with a contact piezoelectric transducer. The launched waves propagate through the material, reflecting from inter faces between layers of different materials in thickneSS gauging applications, or from internal features in flaw detec tion applications. The Scattered waves propagate back to the Surface of the material, causing its Surface to vibrate at the ultrasound frequency. The Surface vibration is generally detected with a contact piezoelectric transducer Similar to the one used to generate the ultrasonic waves.
Optical detection techniques, Such as those described by C. B. Scruby and L. E. Drain in Laser UltraSonics, Tech niques and Applications, Adam Hilger, New York (1990) , pages 325-350, can be used instead of piezoelectric trans ducers to detect a Surface's displacement. Generally, a laser beam illuminates the Surface So that when it vibrates, a phase shift is imparted to the reflected beam. The reflected beam is interfered with a reference beam that originates from the same laser Source as the reflected beam. The amplitude and frequency of the intensity fluctuations of the interfering beams correspond to the Surface's motion and can be detected with a photodetector.
A "velocity-Sensing", or time-delay, interferometer pro duces an output that is proportional to the Velocity (or differential displacement), rather than the displacement, of the moving Surface. Time-delay interferometric configura tions (described in the Scruby et al. reference, provide one technique for doing this. In time-delay interferometry, a probe beam is reflected from the target Surface, and the reflected beam is then Split into two beams. One of the two beams is time delayed with respect to the other, i.e. it traverses a longer distance. The two beams are recombined along a common axis and propagate collinearly towards a photodetector where they constructively or destructively interfere: the light intensity at the photodetec tor is proportional to the velocity (or differential displacement) of the target Surface. If the Surface being probed is diffusely reflecting or Scattering, a "speckle" field distribution will be formed on the photodetector. Since the reflected beam is interfered with a time-delayed replica of itself, the wavefronts of the two interfering beams are Substantially matched. Consequently, a phase shift in one arm of the interferometer is common to all Speckles, and all Speckles can be detected optimally. Unlike a conventional interferometer, which has a flat frequency response with respect to phase shifts, a time delay interferometer has a bandpass-type of response in which low frequency vibra tions (below ultrasonic frequencies) are Suppressed.
There are two problems with this time-delay, or velocity, Sensing System, however. First, the Speckles are generally So numerous and Small that the time delayed arm of the interferometer cannot be easily aligned with the other arm. Unfortunately, introducing a time delay is most easily 2 accomplished with a multimode fiber which further increases the number of Speckles and Scrambles their locations, making Speckle registration very difficult. The Second problem is that the time delay must be held constant and Stabilized in quadrature, which is a requirement for homodyne detection. If the path length difference that causes the time delay between the beams is not maintained to within a fraction of a wavelength, the Sensitivity and temporal resolution of the System will be greatly reduced. As a result, both time-delay and conventional interferometers must typi cally employ active Stabilization techniques. In industrial environments, however, the effectiveness of these tech niques is reduced by noise-induced vibrations.
A Velocity, or differential, Sensing interferometer System which circumvents. Some of these problems is described in a copending application to P. V. Mitchell, D. M. Pepper, T. R. O'Meara, M. B. Klein, S. W. McCahon and G. J. Dunning, "A System and Method for Detecting Ultrasound Using Time-Delay Interferometry" (Ser. No. 08/481,673, filed Jun. 7, 1995) . This system includes a time delay interferometer (TDI), a fringe processing unit (FPU) and a processor that extracts information from the output signal of the FPU. The FPU is preferably a non-steady-state photo-electromotive force (NSS-photo-EMF) detector made from a photocon ductor. Various NSS-photo-EMF detectors are described by M. P. Petrov et al. in "Non-steady-state photo-electromotive force induced by dynamic gratings in partially compensated photoconductors", Journal of Applied Physics, Vol. 68, No. Optics Letters, Vol. 15, No. 21 (1990 ), pp. 1239 -1241 With an NSS-photo-EMF detector, a space charge grating is formed in the photoconductor in response to alternating light and dark interference fringes which move in accor dance with the velocity of the surface being examined. If the interference fringes move at a rate that is faster than the response time of the Space charge grating, a net current flows through the photoconductor. An NSS-photo-EMF detector is Sensitive to the frequency of the overall fringe pattern motion, rather than the exact shape of the fringe pattern as is the case with conventional detectors. When it is combined with a TDI, a system is produced that is relatively insensitive to the Surface roughness of the target. Nevertheless, this approach requires lasers with long coherence lengths (on the order of meters) in order to coherently detect the desired high frequency modulated information produced by the Vibrating Surface. This means that a rather costly laser must be used, Such as a single mode diode pumped Solid State laser or a Stabilized diode laser.
A dual time delay interferometer Scheme that relaxes this long coherence length requirement is described by D. J. Erskine and N. C. Holmes in "White-light velocimetry," Nature, pp. 317-320, Sep. 28, 1995 . It uses two TDIs and enables Sensing of white light encoded information even over an aberrated path. The first interferometer imprints the illumination light with a coherent echo having a delay time given by the path length difference of its two arms. Light passing through the first interferometer and reflected from the target is observed by a Second interferometer having its own characteristic delay time. AS long as the Speed of light times the difference in the delay times (i.e. the difference between the respective path length differences of the two interferometers) is less than the coherence length of the illumination light, partial fringes will be formed. This per mits light Sources with relatively short coherence lengths (e.g. white light) to be used as the illumination light. On the 3 other hand, the dual-interferometer described by Erskine and Holmes is bulky (which severely limits its use, practicality and portability), Since it must perfectly image and register the light reflected from the target onto a time delayed replica of itself, So that their wavefronts are Spatially matched. Furthermore, this device requires that its optical components be interferometrically stable, and it cannot be used for phased array detection of objects.
The white light approach demands precision alignment and perfect imaging of the time-delay and through-beams in order to realize fringes, the precise alignment matches the two patterns, and the imaging maintains a near-field, phase only field distribution, thereby avoiding speckle problems. It also demands interferometric Stability and quadrature main tenance of the time-delay and through-beams to generate the desired fringe pattern, and requires that the incident beam be Spatially coherent as it probes the workpiece; the precision imaging in the initial time-delay interferometer follows from this requirement.
The prior white light approach requires a 2-dimensional recording medium to evaluate and process the diagnostic output (Such as a film plane or a video camera, in the case of real-time implementation), as well as precision image preserving relay optical Systems. These Systems must poS SeSS high-resolution, flat-field, large field-of-view, distortion-free imaging capabilities to enable ultraSonic Sensing. Moreover, in general the two imaging Systems must be identical in terms of magnification and registration, and they must possess a large depth-of-focus when probing three-dimensional (i.e., non-planar) structures.
SUMMARY OF THE INVENTION
The present invention enables robust optical detection of phase modulated information (preferably in the range from about 10 kHz to 100 MHZ or more), even in the presence of optical path distortions. It can detect ultraSonic vibrations from highly diffuse Surfaces, Such as those of a workpiece that may have defects residing within in it, and in general can be used for remote Sensing of phase-modulated information, Such as that required for a communications link. Inexpensive optical Sources (such as broadband laser diodes or white light), multimode optical fibers and simple TDIS can be used, leading to Simple and compact laser-based ultraSonic Sensors.
The invention combines three optical Subsystems: (1) an optical beam source; (2) a pair of TDIs (or just one TDI when the invention is operated in a transceive mode), enabling broadband Spectral Sources to be employed for coherent detection purposes; and (3) an FPU that is prefer ably an NSS-photo-EMF adaptive photodetector, permitting coherent detection of Spatially incoherent light that may have experienced Static and/or dynamic optical path distor tions.
The optical beam is passed through a TDI where it is modulated by imprinting it with a time delayed replica of itself (an "echo') corresponding to a first time delay, before it is directed towards a vibrating object. The beam is phase modulated by these vibrations upon reflection, and the reflected beam is imaged towards a second TDI (or back towards the first TDI in the transceive mode case) where it is modulated by imprinting it with a time delayed replica of itself corresponding to a Second time delay, before it is directed towards the FPU. Interference fringes are formed on the face of the FPU which shift in accordance with the vibrations of the object being examined. The FPU detects the relative (global) lateral shift of the "speckled" fringes and Sends this information to a processor that deduces information about the vibrations amplitude and frequency. A constraint is that the difference in time delayS must be within the coherence length of the optical Source times the Speed of light, but this condition is easily met using optical fiber-based interferometers. The NSS-photo-EMF detector automatically compensates for Speckle noise and low fre quency vibrations, and permits optical detection using broadband optical Sources. Furthermore, it can accommo date poor quality optics, as well as multimode fibers that enable more efficient photon collection. Also, a phased-array of Sensors can be used for enhanced imaging applications requiring better Signal/noise ratios, or alternatively, when lower power optical Sources are employed. Finally, as opposed to Sensing motion of the object via reflection of a probe beam, the probe beam can be launched into an optical fiber (or fiber array) embedded in the material. Thus, as the material deforms or emits an acoustic emission "burst' (e.g., during life cycling, fatigue, etc.), the probe beam will be phase modulated by this perturbation. The beam exiting from the structure then enters the second TDI fiber line (or double-passes through the first), and is then incident onto the NSS-photo-EMF sensor for detection.
Further features and advantages of the invention will be apparent to those skilled in the art from the following detailed description, taken together with the accompanying drawings. AS Shown in the accompanying drawings, the present invention enables optical detection of phase-modulated information at ultraSonic frequencies, preferably between about 10 kHz and 100 MHZ. The invention includes an optical beam, an FPU that is preferably an NSS-photo-EMF detector, and one or two TDIs (just one is used when the invention is configured in the transceive mode). The beam is modulated by a first TDI that imprints it with a time delayed replica (an "echo") of itself and is then directed towards an object of interest that is vibrating. The object can be a Workpiece that is vibrated by, Say, a piezoelectric transducer or a laser, in which case the vibrations will yield information on the location and size of any defects residing within the Workpiece. Alternatively, the object may be a reflector that is being vibrated Such that its vibrations contain information to be detected, i.e. the object can be used for optical communications. The "object' can also be in the form of an optical fiber embedded in a material, with the light exiting the fiber or reflecting from its rear face (or a grating placed 5,909,279 S along its length), with the perturbed fiber encoding a phase modification onto the probe beam. Upon reflection from the object, the beam is phase modulated by its vibrations. This reflected beam is directed towards a second TDI (or alternatively, back towards the first TDI in the case when just one TDI is used) where it is modulated by imprinting it with a time delayed replica of itself before reaching the FPU, which is preferably an NSS-photo-EMF detector. Interfer ence fringes that form on the face of the FPU shift in accordance with the vibrations of the object being examined. This relative shift in the fringe pattern is detected by the FPU, which sends its output to a processor that deduces information from the vibrations.
One embodiment of the invention is illustrated in FIG. 1 in FIG. 2b as two wave packets that correspond to the two arms of the first TDI 14, in which the wave packet that lags behind in time has passed through optical fiber 18. These two wave packets are Separated in time by t, and have the same shape as the wave packet of FIG. 2a but only half its intensity (since energy is conserved).
The modulated optical probe beam 28 is directed by a beam director, preferably a mirror 36, onto a vibrating object 38 whose vibrations are to be determined, or alternatively, the first TDI 14 may directly transmit the modulated probe beam onto the vibrating object. Contrary to the prior art, precision imaging is not required. The modulated probe beam 28 is phase modulated by the vibrating surface of object 38 which it hits, and is reflected from object 38 as a reflected beam 44. The reflected beam 44 is directed, either without deflec tion or via a beam deflector Such as a mirror 48, into a Second TDI 50. The second TDI 50 preferably includes multi-mode fiber optic couplers 52 and 53 at opposite ends of shorter and longer optical fibers 54 and 56, a transducer 58 that is preferably a PZT, a spectral filter 60 at the output of coupler 53, and a focusing lens 62 to focus the output from filter 60. Fiber optic coupler 52 receives the reflected beam 44 and divides it into two fractions of preferably equal intensity, beams 64 and 66, which pass through the Shorter and longer optical fibers 54 and 56, respectively. As in TDI 14, addi tional optical fibers 56" and 56" having lengths different from that of optical fiber 56 can be added between couplers 52 and 53, permitting the user to select among optical fibers 56, 56', and 56" as desired. For this purpose, fiber optic coupler 52 preferably functions as a programmable Switch, So that different optical fibers can be selected at different times.
The fibers within TDI 50 need not be identical to those within TDI 14 in terms of the number of modes, although the fibers 16, 18, 18' and 18" within TDI 14 should each have the same number of modes, as should the fibers 54, 56, 56
and 56" within TDI 50.
Beams 64 and 66 are imaged onto a face 67 of an FPU 68, preferably through the spectral filter 60 and the focusing lens 62. Alternatively, the spectral filter 60 can be placed in front of the optical Source 10 or at any other convenient location in the optical train. The filter can also be in the form of a grating embedded in the fiber(s). The wavepackets will be non-interfering when the differ ence between t and t times the Speed of light is greater than the coherence length of the light incident on the FPU face 67. This requirement is relatively easy to satisfy and permits short coherence length radiation to be used, Such as multimode laser diodes and broadband light Sources. If need be, however, the effective coherence length of optical Source 10 can be increased by using a spectral filter such as filter 60, 7 which Selects a portion of its spectrum. Also, the delay time t can be varied to better match T by using the transducer 58, which is preferably a piezoelectric transducer (PZT) about which one of the optical fibers, e.g., optical fiber 54 is wound. As signals 73 from a voltage source 75 are applied to the transducer 58, it expands or contracts to deform the optical fiber 54, and in So doing varies the optical path length of the fiber. It may also alter the Speckle pattern emerging from fiber 54, but the FPU can track and thus compensate for these low frequency effects (typically less than 10 kHz).
The time delaySt and T. can also be varied by Selecting different optical fibers with fiber optic couplers 20 and 52. Optical fibers 18 and 56, 18' and 56', and 18" and 56" are preferably designed to function together Simultaneously as pairs and have lengths that are chosen accordingly. One reason for varying the time delayS is that they effectively control the low frequency cutoff of the invention. For example, if the time delays are too short, then low vibra tional frequencies will not be cleanly resolved between the arms of the interferometer, but this may be an advantage if Such frequencies represent background noise that can be neglected. Varying the time delayS has another application related to communications applications, however. By peri odically and randomly varying the Set of fixed time delayS in the TDIs 14 and 50, the task of intercepting and decoding information is made much more difficult. Thus, the security of Such a communications link can be enhanced by pro gramming the TDIS to have optical delay times that change together in a coordinated way So that their difference remains constant. One can view this form of encryption as coherence-time modulation of the light.
In general, the optical fibers 18 and 56 (or 18' and 56', etc.) do not need to be identical in terms of the number of spatial modes. The choice of the TDI components will depend upon the number of Spatial modes in each part of the System. For example, the first TDI 14 need only match or exceed the number of spatial modes of the optical probe beam 12 for maximum efficiency (Subject to any other constraints Such as nonlinear power-handling limitations), and might include a single mode fiber. The second TDI 50, on the other hand, must at least match the number of Spatial modes Scattered by of the Vibrating object 38 while accommodating any propa gation path distortions. In general, if the object 38 has a highly diffuse surface, this surface will dictate the number of modes required for the efficient collection of the Scattered light, and the second TDI 50 will preferably include a multimode fiber.
The FPU 68 detects motion of the interference fringes 70 and generates an output signal 78 when the frequency of the fringe motion exceeds a threshold value that is characteristic of the FPU 68. It preferably includes an amplifier 79 that converts current into Voltage to generate the Signal 78. The amplifier 79 is connected to electrodes 86 of the FPU 68 by signal lines 88. A processor 89 receives signal 78 and is programmed to extract information about the Vibrations of the object 38 from the magnitude of the current flow across the FPU 68. Depending upon the application, this informa tion may correspond to the presence and size of internal features within the object 38 or to coded communications information.
The FPU 68 is preferably an NSS-photo-EMF detector. Its face 67 includes a photorefractive-like photoconductive material 90 that is preferably a 1 mm thick sample of Semi-insulating GaAS:Cr, although other photoconductors, such as Bi-SiO, CdTe:V or InP:Fe may also be used. However, the material need not necessarily possess an electro-optic coefficient as is required in conventional pho torefractive media. The spectral filter 60 and the wavelength of the optical Source 10 are preferably chosen to maximize the sensitivity of the photoconductive material 90. When GaAS:Cr is used, optical source 10 is preferably a GaAs laser that emits light near 900 nm.
The electrodes 86 of detector 68 are preferably ohmic, so that they add little resistance to the current flow path. The electrodes 86 can be disposed perpendicular to the FPU face 67; Surface electrode Strips, which are much easier to process, may be used instead if cost is important. Alternatively, the ohmic contacts can be diffused from the face 67 to the back side of the detector 68. Due to the high resistivity of the photoconductive material 90, silver paint can also be used as Simple, low-cost electrodes 86.
The optical interference fringes 70 are formed on the FPU face 67. Photo-induced carriers (not shown) are created in illuminated regions of the photoconductor that correspond to constructive interference. These carriers diffuse towards dark regions of the photoconductor that correspond to destructive interference, causing a charge Separation which results in the creation of a Space-charge "grating" in the photoconductive material 90. This grating has a periodicity that is the same as the interference fringes 70. While the grating is being initially formed, the carrier diffusion causes net current flow from regions of construc tive interference to regions of destructive interference. However, once the charge Separation reaches equilibrium (i.e. the Space-charge grating is fully formed), these internal currents acroSS the photoconductive material 90 go to Zero.
At this point, if the fringes 70 move (due to vibrations of the object 38), current may flow across the photoconductive material 90 depending upon the temporal frequency com ponents of the fringe motion. If the frequency components are low enough that the Space-charge grating can track the interference fringes 70, then no net current will flow across the photoconductive material 90. At a certain threshold frequency, however, the Space charge grating cannot track the interference fringeS 70, and current is produced as newly photoionized carriers respond to the electric field of the existing Space-charge grating.
The threshold fringe motion frequency (and therefore the threshold vibration frequency of object 38) is determined by the intrinsic response time of the photoconductive material 90 and the intensity of light on it. With GaAS:Cr, net current flow will be produced for frequencies greater than 10 kHz.
Above this threshold, the current flow will be constant with frequency until the upper limit bandpass edge, which is determined by the recombination time of the photoconduc tive material 90 and may be 100 MHZ or greater, is reached. Thus, the detector 68 senses small changes in the overall fringe pattern corresponding to fluctuations in the position of the vibrating object 38 that are preferably between about 0.1 and 0.0001 times the wavelength of the optical probe beam 12. Given the time-delay aspect of the second TDI 50, the detector 68 will Sense a bipolar output So long as the delay time is comparable to, or greater than, the (phase modulated) pulse width of the vibrations.
The combination of the first and second TDIS 14 and 50 with the NSS-photo-EMF detector 68 results in a system that Suppresses the detection of low frequencies. For example, low frequency vibrations of the object 38 will result in low frequency motion of the interference fringes 70, which will not be detected by the NSS-photo-EMF detector 68 as long as the fringe motion frequency is lower than the response time of the photoconductive material 90. Thus, active sta bilization of the TDIs 14 and 50 is not required, since they 9 do not have to be held in quadrature. Furthermore, any slow drifts in the interference fringes 70 caused by instability in TDIs 14 and 50 will not degrade the performance of the detector 68. Also, if the noise has a time Scale greater than the delay time in TDI 50, then the fringe motion will be essentially Zero, owing to the "common mode rejection' nature of the interferometer formed by beams 64 and 66. Since long-term effects are typically due to undesirable noise Stemming from noise Sources Such as thermal drifts or whole-body mechanical vibrations, the System is auto compensating.
The present detection System may be used with optically rough readout Surfaces and broadband optical Sources, Since it is generally insensitive to laser Speckle. The insensitivity of the System to dynamic laser Speckle and background vibrations make it particularly well suited for assembly line inspection Systems, in which workpieces are inspected while they are moving at relatively high Velocities.
Object 38 may be a workpiece whose vibrations yield information on possible defects within the object; FIGS. 3a, 3b, 3c and 3d illustrate other possible applications. In FIG.  3a , the modulated optical probe beam 28 is directed into an optical fiber 91 that is embedded in a test material 92, which may be an airplane wing, for example. This is called a "distributed" sensor, in that any vibrations along fiber 91 will modulate the phase of beam 28. This contrasts with the prior art, which requires imaging of a plane into the Second TDI, as opposed to a distributed Sensor. This configuration represents a So-called "Smart material," in which vibrations within material 92 produce Small variations in the path length of the optical fiber 91, thereby altering the phase of the modulated optical probe beam 28 before it is reflected off a far end 93 of the optical fiber 91. The end 93 is preferably coated but may be impregnated with a grating that acts like a mirror. Alternatively, the output end 93 of fiber 91 can be directed to form beam 44.
In FIGS. 3b and 3c, applications for communications systems are illustrated. In FIG. 3b , a reflective screen 94 that may be retroreflective contacts a transparent electo-optic cell 95 and vibrates in response to signals 96 that are applied to the cell 95 by a voltage source 98. The vibrations phase modulate the modulated optical probe beam 28. Signals 96 can represent encoded information to be detected by the invention . FIG. 3c shows an alternative reflector, which includes a transducer 99 about which an optical fiber 100 is wound. The incident probe beam 28 is preferably focused by a lens 101 into one end of the optical fiber 100 and is reflected off the opposite end 102 of the fiber, which may be coated or include a grating that acts like a mirror. Signals 96" from a voltage source 98' are applied to the transducer 99, which expands or contracts in response to these signals. Optical fiber 100 expands and contracts with the transducer 99 so that the optical path length of the fiber varies to phase modulate beam 28. In each of the applications shown in FIGS. 3a, b and c, the reflected beam 44 carries information in its phase modulation that is related to an object's vibra tions.
As illustrated in FIG. 3d , the remote modulator can also be in the form of a retro-reflector array 103 to redirect the probe beam 28 in a reverse direction back to a time-delay fiber transceiver 104, an example of which is described in connection with FIG. 4 tively (some of beams 142 and 144 can be derived from both beams 124 and 126). Beam splitters 115 and 117 redirect portions of beam 144 and its time delayed replica 142, respectively, through a spectral filter 160 that is followed by a lens 162; the remainder of beams 144 and 142 exit the system. Spectral filter 160, lenses 136 and 162, and beam splitters 111, 115, and 117 can be free standing optical components, or optical fiber and guided-wave analogs.
The portions of beams 142 and 144 remaining in the optical system are directed onto a face 167 of a FPU 168 where they constructively and destructively interfere to form a pattern of interference fringes, provided that the optical components are aligned So that the time delays for the outgoing and incoming beams differ by no more than the coherence time of the light at FPU face 167 (i.e. the coherence length divided by the speed of light). The FPU 2) The Signal is encoded via a phase-modulated "burst', which makes it difficult to intercept and decode.
3) The optical Source coherence length is randomly modulated, which further Secures the link Since, unless one possess the "coherence-length modulation key, one will not be able to decrypt the information. As indicated in FIG. 5, an The present invention obviates the need for critical align ment required by the prior white light approach, Since the Space-charge field will form based upon the complex Speck led and phase distorted fields. Moreover, the invention enables fiber delay lines, since the multi-mode fibers them Selves impose complex Speckled fields which cannot be compensated using mere imaging optics.
The invention also automatically compensates for inter ferometric instabilities, as well as automatically guarantee ing the quadrature condition (via the Space-charge field phase shift). It obviates the need for spatial coherence and 12 enabling the use of the shortest coherence-length laser or other optical Source possible, and thus reducing the overall cost of the system. This feedback control need not have such high gain as to enable interferometric control as in the prior art; all that is required is that the path-length-difference be less than the coherence length of the optical Source (which is typically many optical wavelengths, as opposed to a fraction of an optical wavelength that is typically required for precision quadrature control of a coherent homodyne detector).
The invention overcomes the expensive and process intensive 2-dimensional detection System of the prior white light approach by replacing it with a FPU (e.g., a NSS photo-EMF detector). It also replaces the bulky, expensive Set of optical components by a pair of compact, low-cost (even plastic) optical fiber delay lines, with low-cost optical coupling elements. Since the NSS-photo-EMF detector compensates for the fiber-induced Speckle as well as for imperfect optical components, the System will function even when using low-cost, imperfect optical elements, as well as in the presence of misalignments. Finally, the invention enables one to realize, in essence, extremely long effective depths-of-focus, Since Speckle or imperfect optical fringes are automatically compensated by the NSS-photo-EMF detector.
Given that the prior art requires precision Spatial registration, as well as perfect re-imaging of each individual image-relay module Separately, as well as perfect mapping of the image-relay networks collectively, the use of fibers to Serve as the time-delay lines is counter-intuitive, owing to the inability of a multi-mode fiber to maintain a perfect image along its length, and the need to match the image from one time-delay line to the other.
While particular embodiments of the invention have been shown and described, numerous variations and alternate embodiments will occur to those skilled in the art. Accordingly, it is intended that the invention be limited only in terms of the appended claims.
We claim:
1. An ultraSonic vibration detection System, comprising: an optical Source for generating an optical probe beam; an optical System that receives and modulates Said optical probe beam by combining a fraction of Said optical probe beam with a time delayed replica of itself char acterized by a first delay time, wherein Said modulated optical probe beam is directed onto a vibrating object for phase modulation by and reflection from Said object, Said optical System receiving and modulating Said reflected beam by combining a fraction of Said reflected beam with a time delayed replica of itself characterized by a Second delay time, Said first and Second delay times chosen to produce constructive and further comprising a fiber with a reflective end that is embedded in Said object, wherein Said modulated opti cal probe beam is directed into the opposite end of Said fiber for phase modulation by said object's vibrations through resulting path length changes of Said embedded fiber.
